1. Introduction {#s0005}
===============

The substantia nigra (SN) axons project rostrally *via* the medial forebrain bundle to the dorsal striatum, forming the nigrostriatal dopaminergic pathway ([@bb0160]). A progressive neurodegeneration of the dopaminergic neurons in the SN pars compacta characterizes Parkinson\'s disease (PD) and it is the main cause of motor impairment ([@bb0070]).

In addition, *post mortem* studies revealed variable levels of dopaminergic neural loss in ventral tegmental area (VTA) ([@bb0005], [@bb0210]). This system, however, has been associated to a series of psychopathological states, which often occur in PD and may precede motor disturbances by many years ([@bb0090]). A damage to the dopaminergic mesolimbic system is considered the leading cause of the neuropsychiatric symptoms occurring in PD (see ([@bb0035]) for a recent review).

Even though dopaminergic therapies have improved PD patients\' quality of life and also their life expectancy, to date we still lack drugs with disease-modifying effects, able to prevent and restore the damaged system ([@bb0170]). One of the main reasons behind this is the uncertainty about the precise causes leading to cell death in PD, which consequently produces difficulties to select effective therapeutic targets ([@bb0170]).

A recent pathological hypothesis suggests that at the time of disease onset there is a greater degeneration of dopaminergic axonal projections rather than SN cell bodies ([@bb0215]). *Post mortem* neurochemical studies reported that at the time of motor symptoms onset there is a greater degeneration of the dopaminergic pathway in the striatum compared to the SN. This suggests that, within the dopamine neurons, neurodegeneration involves the striatal axonal projections first, and subsequently spreads to cell bodies (see ([@bb0215]) for a recent review). When Kordower and colleagues assessed tyrosine hydroxylase (TH) and dopamine transporter (DAT) levels in 28 PD brains at different disease stages, they found that presynaptic terminals in dorsal striatum were affected by a progressive degeneration since the earliest disease phases. On the contrary, SN was less affected over the time, and a number of SN neurons maintained TH positivity even decades after diagnosis ([@bb0125]).

Notably, α-synuclein accumulation, the pathological hallmark of PD, was predominantly found in axons and presynaptic spaces of neurons ([@bb0200]). Neurons of different systems presenting high vulnerability to α-synuclein pathology are characterized by long, highly branched axons, which may lead to the rapidly propagation of pathology, and by higher energy demand, which would enhance their vulnerability to α-synuclein-related mitochondrial dysfunction ([@bb0020], [@bb0080]).

Our study aimed at characterizing presynaptic dopamine activity in early idiopathic PD patients by measuring the dopamine transporter (DAT) with \[^11^C\]FeCIT PET ([@bb0130]), in both nigrostriatal and mesolimbic pathways. The assessment of DAT availability with \[^11^C\]FeCIT PET is considered as a proxy measure of nigrostriatal integrity (see ([@bb0010]) for a recent review). The DAT is a membrane protein expressed exclusively in dopamine neurons, and localized on the plasma membrane of dopamine neurons in the dorsal and ventral striatum, as well as in SN and VTA ([@bb0145]). DAT is present on the plasma membrane in axons and to a lesser extent also in neuronal cell bodies and dendrites ([@bb0050]).

We measured \[^11^C\]FeCIT uptake in both nigrostriatal and mesolimbic dopaminergic structures in PD at the initial clinical stages, to specifically assess for different regional vulnerability, and to test *in vivo* the recent neuropathology hypothesis that considers synaptic axonal damage and dysfunction as a key feature of PD ([@bb0215]).

Moreover, in order to provide further insight into the dysfunctional communication within the two dopamine systems, we performed a dopamine network analysis. Recent studies applied such approach to different PET metabolic and neurotransmission targets that provided patterns of connectivity in healthy subjects and in neurodegenerative diseases ([@bb0030], [@bb0045], [@bb0115], [@bb0190], [@bb0220], [@bb0225]). In particular, a recent report exploring the pattern of covariance with DATSCAN imaging, showed a specific loss of both inter- and intra-hemispheric dopamine connectivity in PD patients affected by impulse control disorder symptoms ([@bb0190]).

Our study is the first to investigate dopamine network connectivity in both nigrostriatal and mesolimbic pathways in early PD. The DAT activity measure in these dopamine system structures, together with the measure of their connectivity, represents a new integrated approach that might provide crucial *in vivo* biological insights in early PD axonal damage and system alterations.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

We retrospectively evaluated 36 idiopathic PD patients (mean age in years ± SD 57.5 ± 12.6, mean disease duration in months ± SD 21.8 ± 10.7), who underwent \[^11^C\]FeCIT PET scans at San Raffaele Hospital to support diagnosis. The patients included in this study had Hoehn & Yahr (H&Y) Stage ≤ III at the first visit close to the PET scan (morning before medication intake), and a diagnostic confirmation at 3--5 years\' follow-up. Diagnosis of PD was made according to UK Parkinson\'s Disease Society Brain Bank and the National Institute of Neurological Disorders and Stroke ([@bb0085]). No patient was treated with anti-depressants at the time of PET acquisition. Moreover, they were free from dopamine agonists or L-DOPA at least 18 h before the PET scan.

The score of Unified Parkinson\'s disease Rating Scale (UPDRS) part III sub-scores (OFF state), and the Hoehn & Yahr staging were used to assess patients\' motor impairment.

A group of 14 healthy volunteers (mean age ± SD 52.1 ± 14.6) entered the study as normal controls. They presented a negative medical history for neurological disease or other chronic illness and were not taking psychoactive medication.

All subjects signed a written informed consent according to the study protocol that was approved by the Ethical Committee of the Scientific Institute San Raffaele of Milan.

Demographic differences between groups were evaluated performing a Two-sample *t*-test and Chi-squared test.

2.2. PET acquisition and image processing {#s0020}
-----------------------------------------

The synthesis and labeling with \[^11^C\]2β-carboxymethoxy-3β-{4-iodophenyl}tropane (β-CIT)-Fe PET (*i.e.* \[^11^C\]FeCIT PET) was performed following the method of Halldin et al. ([@bb0105]). PET scans were acquired for 20 min starting 70 min after the injection of 3.7 MBq/kg of \[^11^C\]FeCIT. Acquisitions were performed using a General Electric (GE) Medical systems Advance PET. Thirty-five axial image slices (4.25 mm thick) covering the entire brain and cerebellum, were reconstructed using a filtered back projection algorithm (Shepp-Logan filter with a cut-off frequency of 5 mm), using the software provided on the acquisition console by the GE manufacturer. The reconstruction diameter was 20 cm and an image matrix of 128 × 128 was used, for a resulting pixel size of 1.56 × 1.56 × 4.25 mm. A more in depth description can be found in previous papers ([@bb0130], [@bb0175]).

For image normalization and co-registration, a \[^11^C\]FeCIT template was built averaging images of the above mentioned *N* = 14 healthy control subjects\' scans normalized to a T1 weighted magnetic resonance image (T1 MRI), following the same procedures previously described by Lucignani and colleagues ([@bb0130]). Patients\' images were spatially normalized to this template using statistical parametric mapping 5 normalization module (SPM, <http://www.fil.ion.ucl.ac.uk/spm/software/spm5>). The spatial smoothing was not applied in order to limit blurring or spill-over.

Parametric images were generated for each subject using the Image Calculator (ImCalc) function in SPM5. Specifically, DAT Specific Uptake Value ratio (SUVr), which was the parameter of interest, was obtained as follows ([@bb0095], [@bb0175]):$$\text{SUVr} = \frac{\text{Voxel}\left( i \right) - \text{Mean\ Cerebellum}}{\text{Mean\ Cerebellum}}$$

The cerebellum was used as a reference region since it does not contain DAT sites ([@bb0095]).

2.3. Region of interest analysis {#s0025}
--------------------------------

The considered regions of interest (ROIs) were the right and left dorsal caudate (DCA), dorsal putamen (DPU), ventral striatum (VST), substantia nigra (SN) and ventral tegmental area (VTA). The ROIs were manually drawn in accordance to the guidelines proposed in literature ([@bb0015], [@bb0155], [@bb0230]). The Automated Anatomical Labeling atlas was used as reference for the anatomical boundaries of the striatal regions ([@bb0235]). Due to the small volume of brainstem regions and its proximity to other non-dopaminergic nuclei, we used a dopaminergic midbrain probabilistic atlas ([@bb0150]) to further improve the definition of the brainstem ROIs anatomical boundaries.

ROIs definition was supported by MriCron software <http://www.mricron.com/mricron/install.html>, using a standard high-resolution MRI T1 image as anatomical template.

In addition, given the small size of the regions to be analysed compared to PET resolution, a strategy was adopted to minimize the impact of partial volume effect (PVE). Every ROI mask was convolved with a 3D 8 mm FWHM Gaussian kernel, representing the effective reconstructed resolution of the images. Only voxels that, after convolution, had a value \> 50% were used for the analyses, as they can be expected to be the least affected by contamination from neighbouring structures (see [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Regions of Interest (ROIs) Definition.ROIs of DPU (blue), DCA (green), VST (violet), SN (red) and VTA (cyan) over-imposed on a MNI-T1 template (see text for methodological details).Abbreviations: SN = substantia nigra; DPU = dorsal putamen; DCA = dorsal caudate; VTA = ventral tegmental area; VST = ventral striatum.Fig. 1

We also applied the recovery coefficient for partial volume effect (PVE) correction to our data. The recovery coefficients were computed considering both the standard volume of each ROI and the effective spatial resolution of the PET tomograph used ([@bb0205]). Each recovery coefficient was applied to the uptake values, then transformed to SUVr by applying the equation previously described.

In order to identify the predominantly affected side in PD, we extracted mean SUVr values from left and right nigrostriatal regions, namely dorsal striatum and substantia nigra, and we computed the nigrostriatal asymmetry index (AI) between the two sides, adopting the following formula ([@bb0195]):$$\text{Nigrostriatal} - {AI}\ \left\lbrack \% \right\rbrack = - 200 \times \frac{\left( {R - L} \right)}{\left( {R + L} \right)}$$

Thus, negative outcomes indicated more severe \[^11^C\]FeCIT uptake reduction in the left hemisphere, while positive values reflected right lateralized asymmetry.

Mean \[^11^C\]FeCIT uptake within ROIs was extracted from each parametric image. The extracted values were then flipped ROI-by-ROI according to the Nigrostriatal-AI, in order to set the symptomatic hemisphere on the right side for all the patients.

Consistently with data reported in literature ([@bb0065]), our control group showed no hemispheric asymmetry. In this case, the flipping was arbitrarily assigned to the right side.

These ipsilateral and contralateral uptake values were then employed for the statistical analyses.

Statistical differences between PD and CTR in DAT levels in both nigrostriatal (SN, DCA, DPU) and mesolimbic (VTA and VST) regions were assessed performing a multivariate ANCOVA (MANCOVA), including mean SUVr obtained from each ROIs as dependent variables, and introducing age and gender as covariate.

Correlations between Nigrostriatal-AI and clinical asymmetry index (cAS) were investigated employing the Pearson correlation analysis. Considering UPDRS-IIII motor scores, clinical asymmetry index was defined as ([@bb0120]):$${CAS} = \frac{\text{Right} - \text{Left}}{\text{Right} + \text{Left}}$$

CAS scores ≤ − 0.3 were considered as clinical left asymmetry and ≥ 0.3 as clinical right asymmetry.

All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS 19).

2.4. Dopamine network analysis {#s0030}
------------------------------

In order to assess connectivity in both nigrostriatal and mesolimbic systems, we created two subject-by-Node/ROI matrices for each group (CTR and PD). The nigrostriatal and mesolimbic matrices contained the regional mean SUVr value derived for each subject in the specific ROIs, flipped according to the Nigrostriatal-AI. For each group, the partial correlation matrix was computed using the MATLAB ([http://it.mathworks.com/products/matlab/](http://it.mathworks.com/products/matlab){#ir0015}) (Mathworks Inc., Sherborn, Mass., USA). Estimating partial correlations between regions of interest has been proposed to identify which regions directly relate to each other, when the contributions of other regions are already factored out ([@bb0115]). The number of edges grows like the square of the number of nodes, therefore, when many nodes are present, regularization techniques are used to estimate which partial correlation coefficients are non-zero ([@bb0115]). This procedure lacks information regarding the strength of the connection, and additional hypotheses and computations are required to obtain surrogate measures of connection strength ([@bb0220]). To assess the dopamine network connectivity, however, we selected *N* = 10 nodes, that constitute two separate pathways (mesolimbic and nigrostriatal). The first network has *N* = 6 nodes and the second one has *N* = 4 nodes. Therefore, the largest network has a theoretical number of 15 edges, while the smallest one only has 6 edges. Therefore, given **the** number of possible connections, it was possible to directly compute partial correlation coefficients to obtain a measure of the connectivity strength, without resorting to regularization techniques. The partial correlation coefficient determined the strength of dopamine network connectivity (*i.e.*, edge). We computed the differences in the partial correlation coefficients among nodes-dopamine network between PD and CTR in order to quantify the specific reduction in strength. To better quantify which coefficients had significant differences between CTR and PD, we applied a resampling strategy. This method allows robust estimations of partial correlation coefficients and their errors, even with small sample sizes ([@bb0185]). Data samples were generated a total of 5000 times for each group. The Fisher\'s transformation was applied to each coefficient, to achieve a normal distribution. This allowed measuring changes in partial correlation coefficients using z-scores.

3. Results {#s0035}
==========

Demographical data are reported in [Table 1](#t0005){ref-type="table"}. PD patients and healthy controls were similar for age and gender.Table 1Clinical and demographic data.Table 1Gender (M/F)Age\
(SD)Age of disease onset\
(SD)Disease duration\
months\
(SD)UPDRS\
III-Motor\
(SD)UPDRS\
III-Left\
(SD)UPDRS\
III-Right\
(SD)H&Y\
(SD)PD20/1657.5(12.6)55.8(12.9)21.8(10.7)15.8(8.1)5.9(5)4.3(5)1.48(0.69)CTR6/852.1(14.6)------------nsns------------[^1]

3.1. Region of interest results {#s0040}
-------------------------------

The MANCOVA performed to compare presynaptic DAT availability in PD patients and healthy controls showed significant differences in \[^11^C\]FeCIT SUVr, independent from age and gender, in all the considered ROIs.

[*Nigrostriatal system*]{.ul}: analysis revealed the major effect size (η^2^ = 0.84) in the dorsal putamen compared to controls; the dorsal caudate was less affected (DCA η^2^ = 0.52) and SN showed an even more limited reduction in \[^11^C\]FeCIT uptake levels (SN η^2^ = 0.30). [*Mesolimbic system*]{.ul}: VST and VTA were both affected in comparison to normal controls, with a comparable pattern, being VST more affected (η^2^ = 0.71) than VTA (η^2^ = 0.31) (See [Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). The effect size of the SUVr value reductions remained stable also applying recovery coefficients, suggesting that our results were independent from the ROIs volumes, and were not affected by the PVE.Fig. 2Comparison between PD and CTR.*Top panel* - Box-scatter plot representing SUVr in CTR and PD patients. The ROIs were defined contralateral or ipsilateral according to the Nigrostriatal-AI%. *Bottom panel -* Averaged \[^11^C\]FeCIT PET parametric images of PD patients and controls. Abbreviations: PD = Parkinson\'s disease patients; CTR = healthy control subjects; SN = substantia nigra; DPU = dorsal putamen; DCA = dorsal caudate; VTA = ventral tegmental area; VST = ventral striatum.Fig. 2Table 2ROI-based statistical comparison between PD and CTR.Table 2PDCTREffect Size (η^2^)*p*-ValueSN0.69 ± 0.170.92 ± 0.140.300.001DPU1.95 ± 0.614.79 ± 0.540.84\< 0.001DCA2.45 ± 0.703.80 ± 0.480.52\< 0.001VTA0.82 ± 0.231.16 ± 0.230.310.001VST2.68 ± 0.564.57 ± 0.550.71\< 0.001[^2][^3]

Compared to SN, SUVr distribution in VTA showed a significant higher inter-subject variability in PD patients, as assessed with Levene\'s test for Equality of Variances (F = 4.10 *p* \< 0.05), which was not significant for healthy control subjects.

The 60% of PD patients had unilateral Left and the 36% unilateral Right clinical signs, only the 4% showed a bilateral involvement as measured by UPDRS-III.

We found significant positive correlation (*r* = − 0.67; *p* \< 0.001) between cAS and Nigrostriatal-AI. This means that in our PD group, the sides with higher motor impairment corresponded to lower contralateral \[^11^C\]FeCIT uptake.

3.2. Dopamine network analysis results {#s0045}
--------------------------------------

The nigrostriatal pathway analysis demonstrated a severe reduction in connectivity between ipsilateral SN and ipsilateral DPU in PD patients with respect to CTR (*p* \< 0.0002), between contralateral SN and contralateral DPU (*p* \< 0.008) and between ipsilateral and contralateral SN (*p* \< 0.016) (see [Fig. 3](#f0015){ref-type="fig"}). Notably, the connectivity between the nigrostriatal regions and the DCA was spared.Fig. 3Anatomically-driven dopamine network analysis.The matrices represent the significant differences obtained when comparing correlation coefficients between PD and CTR in both nigrostriatal (left) and mesolimbic (right) pathways. The colour bar displays *Z*-scores (from white = high statistical significance to dark = no statistical significance). Abbreviations: PD = Parkinson\'s disease patients; CTR = healthy control subjects; SN = substantia nigra; DPU = dorsal putamen; DCA = dorsal caudate; VTA = ventral tegmental area; VST = ventral striatum; Ipsi = ipsilateral; Contra = contralateral.Fig. 3

Regarding the mesolimbic pathway, we found a severe disruption of local connectivity between ipsilateral and contralateral homotopic regions (*p* \< 0.00001). The connectivity at long distance between VTA and VTS was not affected ([Fig. 3](#f0015){ref-type="fig"}).

4. Discussion {#s0050}
=============

Neuroimaging approaches are crucial to define *in vivo* the nature of neurodegenerative changes, especially in prodromal and early stages. The advanced understanding of neurodegenerative processes, may also provide new imaging targets to facilitate early detection and disease staging ([@bb0240]). In particular, PET molecular neuroimaging studies are useful to track *in vivo* the dopaminergic involvement in different regions and at different disease stages in PD (see ([@bb0010]) for a recent review). In the present PET molecular study, regional DAT density, assessed in idiopathic PD patients at initial clinical phase, revealed significant decreases in the nigrostriatal dopamine system, but also in the mesolimbic system, even if to a lesser degree ([Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). Within the nigrostriatal system, the presynaptic afferents to the DPU were the most significantly affected, and, notably, this loss of DAT activity largely exceeded that of SN (see [Table 2](#t0010){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}).

A higher DAT impairment of the striatum than the SN was also described in other two studies using DAT or VMAT2 to target dopaminergic integrity. The first one, aiming at evaluating the characteristics of a new DAT PET radiotracer (*i.e.* ^18^F-FE-PE2I), reports a severe DAT loss in the dorsal putamen that was more limited in the SN, but in a smaller group of PD patients (*N* = 10) ([@bb0075]). The second PET study by Hsiao and colleagues using ^18^F-DTBZ tracer for monoaminergic nerve ending vesicles (VMAT2), found a reduction more severe in the putamen than in SN, which correlates with disease severity in PD patients at an initial clinical stage ([@bb0110]).

Our new *in vivo* findings, pave the way for a strong support to the hypothesis of axonal degeneration occurring first in Parkinson\'s disease, thus confirming what previously described by *post-mortem* studies in early idiopathic PD. Specifically, it was reported about 70--80% of striatal nerve terminals loss with respect to 30--50% of SN neuron loss (see ([@bb0215]) for an overview). It has been proposed that α-synuclein-related synaptic dysfunction and the consequent axonal damage precede cell death in PD ([@bb0025]). The possible mechanism producing neurodegenerative effects from synapse to cell body remains to be clarified. Up to now, the proposed mechanisms are twofold, namely, the prolonged synaptic dysfunction in axonal transport, or the direct neurotoxic effect of α-synuclein aggregates, which spread from axons to cell body through retrograde transport ([@bb0025]).

Here we also showed *in vivo* the involvement of the mesolimbic system in early PD. In our group of patients, the VST was the second most affected region, after DPU (see [Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). Notably also the VTA showed some impairment but less than the VST, supporting a comparable pattern in both the dopamine systems. The high inter-subject variability in VTA SUVr levels is consistent with previous *post mortem* evidence reporting high variability (*i.e.*, 40--77%) in the levels of VTA neural loss as measured by TH expression in PD brains ([@bb0210]). Despite the α-synuclein pathology has been also reported in the VTA, its neurons seem to be more resistant to the overexpression of human A53T mutated α-synuclein than SN neurons ([@bb0140]). The specific mechanisms protecting VTA DA neurons from neurodegeneration as compared to SN DA neurons are still unknown ([@bb0025]).

In addition, whether the impairment of the mesolimbic system is stochastic or occurs in specific clinical sub-populations of PD patients has not been clarified yet ([@bb0005], [@bb0140]). In PD, impairment in the mesolimbic dopaminergic system has been associated with non-motor symptoms, in particular mood disorders, which may affect patients since or even before the initial clinical phase of PD (see ([@bb0035]) for a recent review). A recent review on previous neuropathological studies that directly quantified dopamine neurons in both the SN and VTA in PD patients suggests that the high VTA variability can explain the PD clinical non-motor heterogeneity, such as the occurrence of mood, cognition, and sleep disturbances ([@bb0005]).

Contralateral asymmetry of motor symptoms in relation to the dopaminergic impairment is considered typical in the early stage of PD ([@bb0055]). The majority of patients examined in this study presented an asymmetry of motor symptoms which correlated with the nigrostriatal asymmetry in DAT impairment. Nevertheless, the \[^11^C\]FeCIT SUVr was significantly lower also in the ipsilateral side. This observation supports the sensitivity of DAT measures in identifying the early involvement of the whole basal ganglia system.

Since the axonal damage seems to be the crucial neuropathological event affecting PD, studying dopamine network connectivity might be a further important step for understanding the pathophysiology of the disease. Here we applied anatomically-driven partial correlation analysis to test dopamine network connectivity since it is a common strategy to study connectivity with brain PET molecular images. Correlation analysis has already been applied in studies of brain metabolism ([@bb0030], [@bb0115], [@bb0220]) and in DAT, D~2~ receptor, serotonin transporter and μ-opioid receptor studies ([@bb0045], [@bb0190], [@bb0225]), in order to provide patterns of molecular connectivity in healthy subjects and in various neurodegenerative diseases.

In our study, adopting also this network perspective, we obtained support for the nigrostriatal axonal damage. Specifically, when the dopamine networks in PD and CTR groups were compared, we found a significant reduction of connectivity between SN and DPU nodes (see [Fig. 3](#f0015){ref-type="fig"}). Several anatomical MRI studies using diffusor tensor imaging reported PD-related reduction of structural connectivity between substantia nigra and striatum ([@bb0060], [@bb0100], [@bb0165], [@bb0180], [@bb0245], [@bb0250], [@bb0255], [@bb0260]), which was also associated with the degree of motor deficits in PD patients ([@bb0260]). In our study, the connectivity between DCA and the other nigrostriatal nodes was intact, the preserved connectivity was also reflected in the less severe dopamine impairment in the caudate relative to the putamen, as showed in the ROI-based analysis.

Less is known about the involvement of mesolimbic circuit in PD. So far, a single study investigated mesolimbic connectivity in early-stage PD patients, applying resting-state functional connectivity magnetic resonance imaging. For assessing mesolimbic circuit they selected amygdala as seed region, and they found reduced functional connectivity between seed and putamen in PD patients ([@bb0135]). Our connectivity approach, revealed an overall preserved dopamine network between VTA and VST mesolimbic nodes, which only suffered local disconnections (see [Fig. 3](#f0015){ref-type="fig"}). This might be explained by the lower vulnerability of VTA synapses to the α-synuclein-related axonal damage ([@bb0025], [@bb0210]), which may preserve the functional communication in the mesolimbic system.

From a technical stand-point, the lack of high-resolution MRI for each patient may represent a limitation for the present study, since it would have provided a more accurate ROI segmentation and PVE correction. In the future, the application of integrated PET-MRI will facilitate the analyses, by providing simultaneous information ([@bb0040]).

5. Conclusion {#s0055}
=============

This is the first comprehensive study addressing regional DAT analysis of the nigrostriatal and mesolimbic system structures and dopamine network connectivity in early PD. The results indicate a significant axonal presynaptic degeneration in early PD phases, more severe in the nigrostriatal, but to a lesser extent also in the mesolimbic pathway. The prevalent damage in the nigrostriatal system, was also supported by specific changes in dopamine network connectivity.

The severe DAT loss in the dopaminergic terminals projecting to the dorsal putamen is an early biomarker of nigrostriatal axonal pathology in PD, and the more spared SN neurons would justify neuroprotective interventions. A better clinical and molecular characterization in idiopathic PD is important for more effective prevention strategies in the early disease phase.
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[^1]: Abbreviations: M = male; F = female; SD = standard deviation; UPDRS = Unified Parkinson\'s disease Rating Scale; H&Y = Hoehn and Yahr; PD = Parkinson\'s disease patients; CTR = healthy control subjects.

[^2]: Results of MANCOVA analysis assessing differences between PD and CTR SUVr, and controlling for age and gender.

[^3]: Abbreviations: PD = Parkinson\'s disease patients; CTR = healthy control subjects; SN = substantia nigra; DPU = dorsal putamen; DCA = dorsal caudate; VTA = ventral tegmental area; VST = ventral striatum.
